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Abstract Based on atomic force microscopy technique, we found that the chon-
drocytes exhibits stress relaxation behavior. We explored the mechanism of this
stress relaxation behavior and concluded that the intracellular ﬂuid exuding out
from the cells during deformation plays the most important role in the stress relax-
ation. We applied the inverse ﬁnite element analysis technique to determine nec-
essary material parameters for porohyperelastic (PHE) model to simulate stress
relaxation behavior as this model is proven capable of capturing the non-linear
behavior and the ﬂuid-solid interaction during the stress relaxation of the single
chondrocytes. It is observed that PHE model can precisely capture the stress re-
laxation behavior of single chondrocytes and would be a suitable model for cell
biomechanics.
c© 2014 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1405401]
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In human and animal bodies, the articular cartilage, which can be seen in many parts, is
connective tissue and lines the surfaces of the bones. It provides a nearly frictionless bearing
surface to reduce compressive stress to an acceptable level in the joint system to protect the bone
from high stress.1–4 Chondrocytes, which are mature cells in cartilage tissues, are cytoskeleton
(CSK)-rich cells and perform several functions in the cartilage. They produce and maintain the
cartilage tissue through their anabolic and catabolic activities. One of the main reasons in the
development and progression of osteoarthritis is believed to be the deterioration of mechanical
properties of chondrocytes.5,6 One of these properties is viscoelastic, which can be characterized
from relaxation behaviour testing. Thus, studying the mechanical properties and behaviour, par-
ticularly viscoelastic property of single chondrocytes will provide a better understanding on how
mechanical forces precipitate the regeneration or degeneration of the tissues.
Atomic force microscopy (AFM) is an advanced experimental technique for high resolution
imaging and mechanical testing of tissues, cells and artiﬁcial surfaces, both qualitatively and
quantitatively.7–13 In this facility, the material/sample is indented by a micro-size tip, which is
attached to a ﬂexible cantilever, and the deﬂection of the cantilever is recorded to obtain the force-
indentation curve.12,14,15 This powerful tool is increasingly applied in the study of cell responses
to external stimuli such as mechanical and chemical loading. This tool is ideal for bridging the
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research gap in the understanding of microscale responses of biological organisms.
There are several continuum mechanical models developed for single cell and other biological
tissues studies.16 One of them is porohyperelastic (PHE) model, which was developed as an exten-
sion of the poroelastic theory and assumes that the material is a continuum where an incompress-
ible hyperelastic porous solid skeleton is saturated by an incompressible mobile ﬂuid. This model
can account for the non-linear behavior, ﬂuid-solid interaction, and rate-dependent drag effect, and
thus is potentially a good candidate for investigating responses of a cell to external loading and
other load-induce stimuli. In addition, it has the capability of incorporating all well-developed hy-
perelastic constitutive materials such as Neo-Hookean, Mooney–Rivlin, Fung–Mooney, etc., and
this constitutive law has been integrated in commercial ﬁnite element software, e.g., ABAQUS.
Although PHE model has been successfully used in biomechanics studies, e.g., articular cartilage
modeling,1,17 its application to single living cell biomechanics studies has been quite limited. It is
believed that the cytoplasm of the living cells behaves as a poroelastic material.18,19 PHE model
is utilized to explore viscoelastic property through the stress relaxation response of single living
chondrocytes using AFM and inverse ﬁnite element analysis (FEA).
The chondrocytes were cultured similarly to previous works.20,21 After culturing for a week
until the cells were conﬂuent, they were detached using 0.5% Trysin (Sigma-Aldrich). They were
seeded onto poly-D-lysine (PDL, Sigma-Aldrich) coated cultured petri dish for 1–2 h. Chondro-
cytes were placed on the PDL surface to form a strong attachment while keeping their morphology
round. Biomechanical testing was conducted at room temperature. A JPK NanoWizard II AFM
(JPK Instruments, Germany) and a triangular colloidal probe CP-PNPL-BSG-A-5 (NanoAnd-
More GMBH) cantilever were used in the experiment. The colloidal probe is of diameter 5 μm
and its spring constant was determined to be 21.7 mN/m using thermal noise ﬂuctuations. Single
chondrocytes were indented around 0.72–2.61 μm at the strain-rate of 48.7 ks−1 and 60 s relax-
ation time. The force–indentation and force–time curves were then obtained and analyzed using
JPKSPM data processing software version 4.4.23 (JPK Instruments, Germany). Figure 1(a) shows
the scanning electron microscope (SEM) image of the colloidal probe cantilever used.
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Fig. 1. (a) SEM image of colloidal probe cantilever. (b) Indented living chondrocyte with a colloidal probe
cantilever.
PHE model has been applied in many engineering ﬁelds including soil mechanics22 and
biomechanics,23–26 with its theoretical details extensively presented in Refs. 23, 27–30. The ﬁeld
equations for the isotropic form of this theory are summarized below: conservation of linear mo-
mentum ∂Ti j/∂Xj = 0, conservation of ﬂuid mass (Darcy’s law) k˜i j(∂π f/∂Xi) = ˙˜wj, conservation
of (incompressible) solid and (incompressible) ﬂuid mass ∂ ˙˜wi/∂Xk + JHklE˙kl = 0, constitutive
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law σi j = σ ei j +π fδi j, σ ei j = J−1FimSemnFjn, Si j = Sei j + Jπ fHi j, Hi j = F
−1
im F
−1
jm , S
e
i j = ∂W e/∂Ei j,
where Ti j, π f, k˜i j, ˙˜wj, Hi j, Sei j, andW e are ﬁrst Piola–Kirchhoff total stress, ﬂuid stress, symmetric
permeability tensor, Lagrangian ﬂuid velocity, Finger’s strain, second Piola–Kirchhoff stress and
effective strain energy density function, respectively. Neo-Hookean strain energy density function
shown below was used31,32
W e =C1(I¯1−3)+(J−1)2/D1, (1)
where J is the volume strain of the material, I¯1 = J−2/3I1 is the ﬁrst deviatoric strain invariant,
and C1 and D1 are material constants.
The hydraulic permeability of the chondrocyte was assumed to be strain-dependent. The
constitutive law of strain-dependent permeability developed by Holmes and Mow33 was adopted.
In order to adopt this in ﬁnite element simulations, the permeability was employed as a function
of void ratio which is the ratio of the volume of ﬂuid to the volume of solid component as34
k = k0(e/e0)κ exp{(M/2){[(1+ e)/(1+ e0)]2−1}}, (2)
where k0 is the initial permeability, e0 is the initial void ratio, and κ and M are non-dimensional
material parameters.
Note that void ratio e relates to porosity n (e.g., the volume of the matrix occupied by ﬂuid)
as e = n/(1−n). The chondrocyte’s water content was determined to be around 60% of the total
volume.35 Thus, the initial void ratio e0 was calculated to be e0 = 1.5. The material parameters κ
and M have been determined to be 0.084 8 and 4.638, respectively in Ref. 36, and used in Refs. 33,
34, 37. Figure 2 presents the normalized deformation-dependent permeability used in ABAQUS
model.
The volume strain of the cell is given by
J = dV/dV0 = (1+ e)/(1+ e0), (3)
where V and V0 are the deformed and un-deformed volume of material, respectively.
The chondrocytes diameter was measured with a Leica light microscope M125 (Leica Mi-
crosystems). Only the round chondrocytes were picked for measurement and the diameter is the
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Fig. 2. Normalized deformation-dependent hy-
draulic permeability.
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Fig. 3. FEM model of a single chondrocyte.
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average of the horizontal and vertical diameters, leading to (16.99±2.041) μm (n= 50). This av-
erage diameter was used in the ﬁnite element method (FEM) modeling of the single chondrocyte.
FEA model of a single chondrocyte was developed (Fig. 3) to investigate its mechanical re-
sponse, using the commercial software ABAQUS version 6.9-1 (ABAQUS Inc., USA) with pore
ﬂuid/stress axisymmetric elements. The AFM nano-indentation experiment was simulated with
this model. Because both the chondrocyte cell and AFM colloidal tip are spherical, axisymmet-
ric geometry and element-approximation was assumed, thereby saving computational cost.32 The
model includes a chondrocyte whose diameter is 17 μm which was indented with a colloidal tip of
diameter 5 μm. The chondrocyte was indented to a certain indentation depth according to AFM
experimental results and then relaxed for 60 s. The reaction forces were then extracted and com-
pared to the experimental data to determine cell’s mechanical properties which areC1, D1, and k0
in Eqs. (1) and (2) using inverse FEA procedure as follows.
(1) From the force–indentation curves during indentation phase in which the applied force
reached its maximum value, an inverse FEA was conducted and compared with AFM experimen-
tal results to determine the C1 parameter in Eq. (1).
(2) From the force–time curves during equilibrium state at relaxation phase in which the ap-
plied force acquired its asymptotic value, an inverse FEA was conducted and compared with AFM
experimental results to determine the D1 parameter in Eq. (1).
(3) From the force–time curves during transient state at relaxation phase in which the applied
force reduced dramatically, an inverse FEA was conducted to determine the initial permeability
k0 in Eq. (2).
Figure 1(b) illustrates a typical indented living chondrocyte by a colloidal probe cantilever.
Figure 4 presents the force–indentation and force–time curves of both AFM experimental re-
sults of a typical chondrocyte. Note that AFM experimental results are consistent with previous
results14 in which different ﬁtting procedures including Hertz equation and viscoelastic model
were applied to ﬁt force–indentation and force–time stress relaxation data of chondrocytes, re-
spectively. However, their results showed that the viscoelastic model could not accurately capture
the transient state at relaxation phase of the cells. Moreover, this model assumes the cells to
be a solid-like material, but consisting of both solid and ﬂuid components and having a semi-
permeable membrane.38 Also, Moeendarbary et al.18 has stated that the cytoplasm of single living
cells behaves as a poroelastic material and that poroelastic model can precisely capture the relax-
ation behavior of single cells. Thus, above PHE model, which is developed from this poroelastic
model, would be a more suitable model for cell biomechanics.18,20,39
PHE model is used to ﬁt the AFM experimental data to determine its material parameters
using inverse FEA. Table 1 and Fig. 4 present respectively the material parameters of PHE model
determined using the above mentioned procedure and PHE model’s performance in capturing
the stress relaxation behavior of chondrocyte. It is observed that PHE model agreed with the
experimental data very well not only in the force–indentation data but also in the force–time
stress relaxation data at both transient and equilibrium states. Thus, it can be concluded that PHE
model is a suitable model for capturing the stress relaxation behaviors of chondrocytes.
In order to understand how chondrocytes exhibit stress relaxation behavior, the Mises stress
and pore pressure distributions of chondrocyte were extracted and shown in Fig. 5 (the measure-
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Fig. 4. (a) Force–indentation curves and (b) force–time curves of a typical living chondrocyte.
Table 1. PHE model material parameters
C1/Pa D1/Pa−1 Initial permeability k0/(109 μm4·N−1·s−1) Initial void ratio e0
522 ± 274 0.021 09 ± 0.034 532 6.281 986 ± 16.287 11 1.5
ment unit in these ﬁgures is 106 Pa). It is interesting to note that the Mises stress reduced slightly
during relaxation phase, whereas the ﬂuid pressure decreased signiﬁcantly. It can be explained
as follows. After the indentation phase, the intracellular ﬂuid is blocked inside the cell due to
low permeability of the cell, causing the pore pressure to increase. Afterwards during relaxation
phase, because of the ﬂuid pore pressure gradient inside the cell, the intracellular ﬂuid starts to
ﬂow out, rendering the cell to be softer. In order to have a clearer illustration, the ﬂuid pore
pressure was extracted at the point underneath the tip, as shown in Fig. 6. It can be observed
that the pore pressure increased to a maximum value around 150 Pa right after the indentation
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Fig. 5. Mises stress and ﬂuid pore pressure distributions of different phases.
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phase, and then dropped to a limiting low value almost zero at the end of relaxation phase. It is
interesting to note that although both solid and liquid components are incompressible, the whole
cell is compressible due to the intracellular ﬂuid loss during deformation. It can be demonstrated
by measuring the volume strains of the chondrocyte after indentation and relaxation phases which
are 0.973 203 and 0.918 848 by using Eq. (3). These volume strains clearly indicate that the whole
chondrocyte is compressible due to ﬂuid ﬂux. Thus, we conclude that PHE model can capture the
stress relaxation behavior very well and would be a potential mechanical constitutive model for
cell biomechanics.
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Fig. 6. Fluid pore pressure curve.
In summary, this study investigated the viscoelastic property of single chondrocyte by using
AFM stress relaxation testing and PHE model. It helped us to better understand cells’ mechanical
behavior, speciﬁcally its viscoelastic property. The AFM relaxation testing was conducted and
ﬁtted with PHE model by using inverse FEA technique. The results revealed that the intracellular
ﬂuid is exuding out from the cell during relaxation phase because of the gradient of the ﬂuid pore
pressure. This causes the volume loss or compressibility of the chondrocyte. It is proven that
the intracellular ﬂuid plays an important role in cellular responses to external mechanical stimuli.
Also, we conclude that PHE model can capture the stress relaxation behavior very well and would
be a potential mechanical constitutive model for cell biomechanics.
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